Introduction
"Good medicine always tastes bitter." This ancient Oriental wisdom may soon be verified with modern biology. Traditionally, bitter taste, one of five basic taste qualities, is thought to guide organisms to avoid harmful toxins and noxious substances and thus is critical to animal and human survival. The sensors for bitter compounds in vertebrates are bitter taste receptors (T2Rs or TAS2Rs), a class of G protein-coupled receptors (GPCRs) originally identified in type II taste receptor cells in the taste bud. Traditionally it has been assumed that, responding to the pressure of food selection, different species have evolved with different numbers of T2Rs: 25 in humans and 35 in mice (Shi et al., 2003; Chandrashekar et al., 2006) . Over the past decade, however, the expression of T2Rs and their downstream signaling molecules have been found in several extraoral systems, including the digestive, respiratory, and genitourinary systems, as well as in brain and immune cells. Moreover, these receptors carry out different biological functions in their varied locations. These findings raise the intriguing possibilities that the evolution of T2Rs may also be influenced by the biological functions mediated by these receptors in the extraoral cells and tissues (Campbell et al., 2014) , that these extraoral T2Rs may be attractive targets for new medicines, and that currently used bitter medicines may exert their pharmacological functions by acting on these extraoral receptors-which, until now, have been considered side effects or adverse effects.
In this review, we summarize our current understanding of bitter tasting in extraoral systems and the roles that extraoral T2Rs play in processes as diverse as innate immunity, secretion, contraction, reproduction, and urination. We also summarize the association of T2R polymorphisms with various disorders and the roles of T2Rs in abnormal conditions. As this is an emerging area and our understanding is still rudimentary, we discuss the obstacles that the field is encountering and offer our perspective on how to overcome them.
T2R signaling cascades
The canonical T2R signal transduction cascade shares common signaling molecules with sweet and umami receptors (i.e., T1Rs; Kautiainen, 1992; Wong et al., 1996; Huang et al., 1999; Chandrashekar et al., 2000; Mueller et al., 2005) , which include heterotrimeric G protein subunits (i.e., α-gustducin [Gnat3], Gβ3, and Gγ13), a phospholipase C (PLCβ2), an inositol trisphosphate receptor (InsP3R), and a transient receptor potential cation channel (TRPM5; Fig. 1, A and B) . Upon receptor activation, the G protein gustducin dissociates its α, Gnat3, and βγ subunits. The latter activates PLCβ2, leading to a release of Ca 2+ from InsP3-sensitive Ca 2+ stores and resulting in Na + influx through TRPM5 channels. This Na + influx depolarizes the cells and causes the release of neurotransmitter ATP through gap junction hemichannels or CAL HM1 ion channels (Finger et al., 2005; Chaudhari and Roper, 2010; Taruno et al., 2013) . Finally, released ATP activates purinergic receptors on nerves in the taste buds, and the resulting impulse is transmitted to the taste center in the central nervous system to initiate the perception of bitter taste (Taruno et al., 2013; Peng et al., 2015) .
In contrast, nonlingual T2Rs use at least three different mechanisms to execute biological roles tailored to their location. These three cascades have the same initial half (i.e., beginning from receptor activation to the increase in intracellular calcium concentration [[Ca 2+ ] i ]) as the canonical T2R signaling cascade (Fig. 1 A) and
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subsequently diverge to result in diverse functions in different cell types or tissues. These three mechanisms can be called cell-autonomous regulation, paracrine regulation, and endocrine regulation.
The cell autonomous regulation of T2Rs was originally found in the motile cilia of human airway epithelia (Shah et al., 2009) . In this cellular location, bitter compounds elicit a dose-dependent increase in [Ca 2+ ] i and consequently augment ciliary beat frequency ( Fig. 2 A) . The mechanism by which calcium influences ciliary beat frequency remains to be determined. Probably, calcium regulates the ciliary beat frequency directly or indirectly via a cyclic nucleotide-dependent manner (Salathe, 2007) . Another cell-autonomous action occurs in airway smooth muscle, wherein bitter tastants dose dependently relax precontracted airways (Deshpande et al., 2010; Zhang et al., 2013) . What remains debatable is how bitter tastants relax this smooth muscle. Deshpande et al. (2010) proposed that bitter tastants activate big conductance Ca 2+ -activated K + (BK) channels and hyperpolarize the membrane, leading to relaxation ( Fig. 2 B , left side). But by directly measuring BK channel currents, we and others found that bitter tastants do not activate these channels but instead inhibit them (Zhang et al., 2012; Wei et al., 2015) . We recently discovered that the βγ subunits of gustducin are critical for bitter tastant-induced airway relaxation. These subunits can shut down L-type voltage-dependent Ca 2+ channels and decrease [Ca 2+ ] i (which is raised by bronchoconstrictors), leading to the relaxation (Fig. 2 B , right side; Zhang et al., 2013) .
The paracrine role of T2Rs was first reported in a specialized small intestine enteroendocrine cell (EEC). Increased Ca 2+ from the T2R activation leads to the release of a peptide hormone cholecystokinin (CCK), which acts either through CCK2 receptors in the neighboring enterocytes to promote multidrug resistance protein 1 (also known as ATP-binding cassette B1 [ABCB1]) to pump bitter tasting toxins out of the cells ( Fig. 3 A, right side of the panel; Jeon et al., 2011) or through CCK1 receptors in sensory fibers of the vagal nerve that then transmit signals to the brain to control food intake (Fig. 3 A, left side; Cummings and Overduin, 2007) . Solitary chemosensory cells (SCCs) from the nasal and vomeronasal cavity, or brush cells from the trachea in rodents, were found to release acetylcholine upon stimulation with bitter chemicals or bacterial signals. Acetylcholine then activates nicotinic acetylcholine receptors in the nearby sensory nerve fibers, which in turn decreases the breathing rate and closes the vomeronasal organ (VNO), or, alternatively, induces neurogenic inflammation in the nasal cavity (Fig. 3 B; Finger et al., 2003; Ogura et al., 2010; Tizzano et al., 2010; Krasteva et al., 2011; Saunders et al., 2014) . A similar protective reflex in the bladder was also found in urethral brush cells (Fig. 3 B; Deckmann et al., 2014) . Very recently, it was demonstrated that tuft cells in the gut orchestrate type 2 immunity to parasitic infection through the canonical GPCR taste receptor (T1R or T2R) cascade and also form a feedforward loop resulting in their own hyperplasia ( The endocrine mechanism of T2R signaling operates in tissues or cells in which T2R activation releases hormones that can be circulated via the bloodstream. Intestinal EECs release glucagonlike peptide 1 (GLP-1), which diffuses across the extracellular fluids to enter the circulation, and then stimulates the release of insulin from pancreatic β cells ( Fig. 4 ; Dotson et al., 2008; Kim et al., 2014) .
Physiological roles of extraoral T2Rs
Shortly after the finding that gustducin is a G protein that couples with taste receptors in taste cells of the tongue (McLaughlin et al., 1992) , this G protein was detected in gut cells by Höfer et al. (1996) , raising the possibility that cells outside the oral cavity may use taste receptors as chemosensors. Indeed, several years later, Wu et al. (2002) and Finger et al. (2003) found T2Rs in the epithelia of the gut and nasal cavities, respectively. To date, T2Rs and their signaling components have been detected in a large number of cells and tissues located outside the mouth. Moreover, activation of these receptors produces a diverse range of biological responses under normal conditions. In this section, we summarize the physiological functions that are likely mediated by these receptors.
Innate immunity. Many mammalian organs directly contact the exterior, and such organs include, but are not limited to, those in the respiratory, gastrointestinal, reproduction, and urinary systems. Because of this external nature, these organs are readily and constantly exposed to a vast number of bacteria, fungi, and viruses, along with their derived substances. Therefore, a fundamental challenge to these organs is how to avoid infection. Intensive research has revealed that several immune mechanisms collaborate to achieve this. Of these mechanisms, innate immunity is a rapid response that is paramount for avoiding infection at the early stage. The epithelial barrier is a major component of innate immunity, which prevents microbe entry or pathogen colonization either by speeding up mucociliary clearance by increasing ciliary beat frequency or by directly producing antiorganismal compounds (Chaplin, 2010; Pastorelli et al., 2013; Shaykhiev and Crystal, 2013; Amjadi et al., 2014) . Accumulating evidence suggests that T2R-mediated signaling contributes much to the innate immunity in the epithelia of the organs that are connected to the external environment.
Hitherto, most of the studies related to bitter tastants' role in innate immunity have been focused on the respiratory system. Various T2Rs are expressed in the ciliated epithelial cells of human and rodent airways. Compared with primary cilia, which act as a sensory organelle, motile cilia function to move mucus or particles out of the airway. Human ciliated airway cells express T2R4, T2R43, and T2R46, and their activation with bitter chemicals increases [Ca 2+ ] i and ciliary beat frequency, accelerating the clearance of microorganisms and their derived products (Shah et al., 2009) . Interestingly, T2R38 is expressed in the apical membrane and cilia of human sinus epithelium, and its activation by its agonist or by microbe-derived quorum-sensing molecules (e.g., acyl-homoserine lactones [AHLs]) generates nitric oxide, a potent bactericide . Additionally, nitric oxide speeds up ciliary beat frequency in the human sinus epithelium through the guanylyl cyclase and protein kinase G pathway (Salathe, 2007) . This phenomenon is conserved in mice, although mice do not have a T2R38 orthologue. Moreover, the response to quorum-sensing molecules depends on the canoni- cal taste signaling components PLCβ2 and TRPM5, but not α-gustducin, based on genetic and pharmacological evidence (Lee et al., 2014a) . Quorum-sensing molecules are a class of chemical signals regulating the expression of microbial genes involved in the formation of biofilm (Nealson et al., 1970; Nealson and Hastings, 1979; Eberhard et al., 1981; Davies et al., 1998; Marx, 2014) . Once their concentration becomes sufficiently high, a biofilm is formed to protect the bacteria from the host immune defense system (Nealson et al., 1970; Nealson and Hastings, 1979; Eberhard et al., 1981; Davies et al., 1998; Marx, 2014) . In this context, it makes sense that mammals use T2Rs as a sensory part of their rapid innate immune system to prevent bacteria from forming the biofilm.
The SCC is another type of airway epithelium cell harboring both T2Rs and most taste transduction components; it comprises 1% of cells in the surface of In the gut, dietary toxins or bitter compounds from bacteria activate T2Rs in EECs to release the peptide hormone CCK, which acts through CKK2 receptors in the neighboring enterocytes to promote ABCB1 to pump bitter-tasting toxins out of the enterocytes (right). Alternatively, CCK released by EECs can also activate CCK1 receptors on sensory fibers of the vagus nerve to send signals to the brain to limit food intake (left). (B) The paracrine model also operates in mouse SCCs from the nasal organ or VNO and in brush cells from the trachea and bladder, where bitter compounds or N-acyl homoserine lactones, bacterial quorum-sensing molecules, activate bitter-taste signaling to release Ach, which in turn activates sensory fibers to (a) initiate a protective reflex, leading to a decrease in respiratory rate or an increase in bladder contraction; (b) close the VNO duct; or (c) induce neurogenic inflammation in the nasal cavity. (C) In tuft cells from the gut, parasites activate the canonical taste cascade and release IL-25, which in turn increases the number of ILC2s and boosts the secretion of type 2 immune cytokines IL-13 and IL-4; these cytokines subsequently promote the hyperplasia of tuft cells and goblet cells.
the respiratory system (Workman et al., 2015) . Finger et al. (2003) first identified T2R-expressing SCCs in the rodent nasal cavity, which also houses many elements of the bitter taste signaling pathway, including Gα-gustducin, PLCβ2, and TRPM5 (Finger et al., 2003; Gulbransen et al., 2008; Lin et al., 2008) . Bitter compounds or AHLs cause mouse nasal SCCs to release the neurotransmitter acetylcholine, which in turn stimulates neighboring peptidergic nociceptive trigeminal fibers to secrete calcitonin gene-related peptide and substance P, resulting in the initiation of a neurogenic inflammation response to block bacterial invasion (Saunders et al., 2014) . Alternatively, the activated trigeminal fibers can mediate a protective reflex to depress the respiratory rate, thus avoiding further inhalation of irritating substances or microbes ( Fig. 3 B ; Finger et al., 2003; Tizzano et al., 2010; Krasteva et al., 2011) . Recently, choline acetyltransferase enhanced green fluorescent protein (eGFP)-positive (ChAT-eGFP + ) SCCs in the mouse VNO were shown to regulate VNO duct accessibility (Ogura et al., 2010) . In the mouse trachea, ChAT-eGFP + chemosensory cells (called brush cells) can regulate the breathing rate by sensing the local chemical composition; this uses a mechanism similar to that used by nasal SCCs, mentioned above ( Fig. 3 B ; Finger et al., 2003; Tizzano et al., 2010; Krasteva et al., 2011 Krasteva et al., , 2012a . More recently, a similar brush cell response (i.e., acetylcholine release) has also been demonstrated in the mouse urethral system . In this system, hazardous bitter compounds bind with T2Rs in the brush cells, releasing acetylcholine, which then activates nearby urethral sensory nerve fibers and stimulates detrusor muscle contraction ( Fig. 3 B ; Deckmann et al., 2014) . Further investigation of microorganism-derived materials is necessary to determine whether such a reflex also occurs when microbes access the urethra.
In human sinonasal epithelia, SCCs express a set of denatonium-responsive T2Rs that are absent in T2R38-expressing sinonasal ciliated cells and underlie a role distinct from the T2R38-mediated nitric oxide response observed in the ciliated epithelial cells (see above; Lee et al., 2012 Lee et al., , 2014a . Activation of these T2Rs in SCCs propagates a calcium wave to the surrounding cells through gap junctions, causing a robust secretion of broad-spectrum antimicrobial peptides and β-defensin. However, they exert no effect on ciliary beat frequency. Interestingly, these SCCs also express T1R2/3 sweet taste receptors, which negatively regulate the T2R response. In healthy individuals, sweet taste receptors activated by airway surface liquid glucose (∼0.5 mM) suppress T2R-mediated antimicrobial peptide secretion. However, during microbial infection, T1R2/3 is deactivated as the interior bacteria reduce the glucose concentration by consuming it, consequently increasing T2R-mediated antimicrobial peptide release (Lee and Cohen, 2014; Lee et al., 2014b) . Therefore, the two different defense systems mediated by ciliated epithelial T2Rs and SCC T2Rs work in concert to maintain human lower airway health.
The mammalian gut is colonized by microbiota, which comprises a collection of bacteria, archaea, viruses, fungi, and parasites (Sommer and Bäckhed, 2013) . The single layer of gut epithelial cells orchestrates many ways to surveil the microbes (Peterson and Artis, 2014) . Although the first extraoral cells found to express α-gustducin were tuft cells (also called brush cells) within the rat gastrointestinal tract (Höfer et al., 1996) , the finding of T2Rs in gut epithelium took place several years later (Wu et al., 2002) , and it was not until earlier this year that three different groups (Gerbe et al., 2016; Howitt et al., 2016; von Moltke et al., 2016) demonstrated that tuft cells harness taste transduction signaling to initiate type 2 immunity against pathogens often copresent with symbiotic microbes. In detail, tuft cells sense the parasite infection via canonical taste signaling and secrete IL-25, which increases the number of innate lymphoid cells (ILC2s) and their production of type 2 immune cytokines IL-4 and IL-13. Subsequently, these cytokines promote hyperplasia of tuft cells and goblet cells by facilitating intestinal stem cell differentiation ( Fig. 3 C) . However, which T2Rs or whether other taste receptors are involved in this process remains to be determined. It is reasonable to speculate that a mechanism similar to that which has been revealed in the SCCs or brush cells in the airway may be used to monitor microbiota in the gut. Secretion. Endocrine, paracrine, and autocrine secretions are essential for maintaining body homeostasis. The gut is the largest endocrine organ and the source of gut hormones (Ahlman and Nilsson, 2001) . Besides working as an innate defense barrier, intestinal epithelial cells house different subsets of cells that release hormones.
EECs, scattered along the epithelial layer of the GI tract from the stomach to the rectum, respond to an ingested meal by secreting a variety of gut hormones, including CCK, GLP-1, glucose-dependent insulinotropic peptide, peptide YY, somatostatin, ghrelin, and serotonin. These hormones perform functions ranging from modulating food intake to regulating insulin release (Psichas et al., 2015; Gribble and Reimann, 2016) . The secretion from EECs is mainly triggered by the sensing of luminal contents via GPCRs, including the T2R family (Psichas et al., 2015) . It is known that denatonium stimulates the mouse EEC cell line STC-1 to release CCK dose dependently, as does phenylthiocarbamide for GLP-1 (Wu et al., 2002; Chen et al., 2006) . The extract of Hoodia gordonii activates T2R14 to secrete CCK in the human EEC line HuTu-80 (Le Nevé et al., 2010) . Bitter tastants or extracts from bitter herbs cause GLP-1 secretion in the human EEC line NCI-H716 (Jang et al., 2007; Dotson et al., 2008; Suh et al., 2015) .
In vivo studies also indicate that EECs have the capability to secrete hormones to regulate plasma glucose or the ingestion of toxic substances. Intragastric administration of bitter chemicals leads to a rise in the plasma ghrelin level, resulting in a short-term increase in food intake. This effect is subsequently followed by a longterm decrease in food intake caused by a delay in gastric emptying (Janssen et al., 2011) . A gavage of denatonium followed by glucose or oral administration of herb extracts to db/db mice induces GLP-1 and subsequent insulin secretion, ultimately leading to a decrease in the blood glucose level (Kim et al., 2014; Suh et al., 2015) . Nevertheless, in vivo direct evidence is needed to demonstrate that the glucose drop is exclusively caused by EECs because no immunostaining evidence exists depicting a colocalization between EEC markers and T2Rs, although α-gustducin and TRPM5 have both been detected in serotonin and GLP-1-producing ECCs.
In addition to EECs, SCCs in the gut also contain taste signaling elements. In the mouse stomach, α-gustducinharboring SCCs locate in close proximity to the ghrelin and serotonin-releasing EECs. This has led to a hypothesis that SCCs perform a chemosensory role by forwarding messages from the lumen onto the EECs, which then secrete hormones (Hass et al., 2007) . This seems possible, as denatonium causes an increase in Ca 2+ in TRPM5-expressing SCCs, followed by a delayed Ca 2+ response in the adjacent epithelium (Bezençon et al., 2008) . However, T2R proteins have yet to be detected in gastrointestinal SCCs, although various T2R transcripts have been found in the epithelia of humans and rodents.
T2Rs also play secretion roles in the lower gastrointestinal tract. T2R108 ligand 6-n-propyl-2-thiouracil (6-PTU) induces anion secretion in the human and rat large intestine, and this action is considered to be a protective response meant to flush out noxious irritants (Kaji et al., 2009 ). Hence, one function of T2Rs in the gastrointestinal epithelial cells is to limit the influence of toxic compounds by preventing their further intake or accelerating their excretion.
Several T2Rs are expressed in human and mouse thyrocytes and in human thyrocyte line Nthy-Ori3-1. These T2Rs negatively regulate thyroid-stimulating hormone-dependent iodide efflux in thyrocytes and thereby decrease the secretion of thyroid hormone. This might mediate a protective response to the ingestion of toxic compounds (Clark et al., 2015) . Beyond these secretion roles in the gastrointestinal tract and thyroid, T2Rs in respiratory epithelium cells mediate the secretion of nitric oxide, neurotransmitters, and antimicrobial peptides (Krasteva et al., 2011; Lee et al., , 2014b .
Contraction and relaxation. T2Rs in smooth muscles have attracted a lot of attention ever since Deshpande et al. (2010) reported that T2R agonists cause the relaxation of precontracted airway smooth muscle ex vivo and decrease airway resistance in vivo in mice. This relaxation is paradoxical, as bitter tastants can increase [Ca 2+ ] i (to the level induced by bronchoconstrictors) in human cultured airway smooth muscle cells (Deshpande et al., 2010) or to a more modest level in freshly isolated relaxed mouse airway smooth muscle cells . This paradox has stimulated a wave of research into the underlying relaxation mechanisms. Results have been controversial. In addition to the two mechanisms described in the T2R signaling transductions section ( Fig. 2 B) , several other possibilities have been proposed for bitter tastants-induced relaxation of airway smooth muscle. Grassin-Delyle et al. (2013) suggested the involvement of the phosphatidylinositol-3 kinase (PI3K) pathway based on studies using intact human bronchi. Tan and Sanderson (2014) determined that bitter tastants directly inhibit InsP3R-mediated Ca 2+ oscillations to relax airways. Tazzeo et al. (2012) proposed that bitter tastants (such as caffeine) may act downstream of myosin light chain kinase to interfere with the contractile apparatus, causing airway smooth muscle relaxation.
Although the cellular mechanisms are still debatable, a consensus is that bitter tastants are potentially potent bronchodilators, as they produce airway relaxation and protect against airway constriction in vivo better than some of the currently used asthma medicines. To date, a variety of bitter compounds have been found to relax precontracted airway smooth muscle from humans, mice, and guinea pigs (Deshpande et al., 2010; Pulkkinen et al., 2012; Tan and Sanderson, 2014; Camoretti-Mercado et al., 2015) . An attractive feature of using bitter tastants as bronchodilators is that these compounds can produce relaxation in airways precontracted by a broad spectrum of agonists (although there are some efficacy differences; Pulkkinen et al., 2012; Camoretti-Mercado et al., 2015) . For example, in guinea pig trachea, denatonium selectively inhibits contractions induced by carbachol, whereas chloroquine uniformly inhibits contractions evoked by prostaglandin E(2), thromboxane receptor agonist U-46619, leukotriene D(4), histamine, and antigen (Pulkkinen et al., 2012) ; in human airways, chloroquine inhibits [Ca 2+ ] i elevation and contractile responses normally induced by histamine, but not those induced by endothelin-1. Conversely, aristolochic acid prevents contractile responses induced by endothelin-1, but not those induced by histamine (Camoretti-Mercado et al., 2015) . This necessitates studying how each bitter compound performs against different bronchoconstrictors to appropriately assess its effectiveness as a bronchodilator.
Several studies have demonstrated the roles of bitter compounds in regulating vascular smooth muscle contractility. Manson et al. (2014) reported that bitter ligands for human T2R3, 4, 10, and 14 induce relaxation of precontracted human pulmonary arteries, guinea pig aorta, and mouse aorta. This relaxation is independent of the inhibition of L-type Ca 2+ channels or activation of BK channels but is dependent on the formation of caveolae (Manson et al., 2014) . Lund et al. (2013) revealed that hT2R46 is expressed in human aorta vascular smooth muscle cells, and intravenous injection of denatonium via catheter in rats leads to a transient drop in blood pressure. Interestingly, Upadhyaya et al. (2014) reported that dextromethorphan induces a vasoconstriction via a T2R1-mediated Ca 2+ response in human pulmonary artery smooth muscle. The authors proposed that the calcium increase from the canonical T2R signaling pathway directly activates myosin light chain kinase and subsequently increases the phosphorylated myosin light chain, leading to constriction (Upadhyaya et al., 2014) .
T2Rs and taste signaling elements are also present in mouse and human gastrointestinal smooth muscle cells. Bitter tastants induce a contraction when applied at lower concentrations (e.g., <100 µM for denatonium) and a relaxation at higher concentrations (e.g., >500 µM for denatonium). Intragastric administration of denatonium leads to a T2R-dependent delay in gastric emptying. Moreover, after intragastric denatonium administration, healthy volunteers showed an impaired fundic relaxation in response to nutrient infusion and a decreased nutrient volume tolerance and increased satiation during an oral nutrient challenge test (Avau et al., 2015) . As the role of T2Rs in the gastrointestinal epithelia cannot be ruled out in these in vivo experiments, these results might be influenced by both epithelia and smooth muscle in the gastrointestinal tract. Undoubtedly, the protective role of T2Rs makes them valuable targets for drug development to treat gastrointestinal motility diseases. Foster et al. (2013) reported that cardiac myocytes express five T2Rs and their downstream signaling elements. Using a heterologous expression system, Foster et al. (2014a) de-orphaned three of the five T2Rs expressed in these cells. In their function study, the authors found that sodium thiocyanate, a T2R108 agonist, elicited a 30-40% decrease in left ventricular pressure and systolic pressure, as well as a steady increase in aortic pressure, whereas sodium benzoate, a T2R137 agonist, and sodium arbutin, a T2R143 agonist, displayed a minor or modest effect, respectively, on these cardiac functions (Orsmark-Pietras et al., 2013; Foster et al., 2014a) . Moreover, these effects are abrogated by Gi and Gβγ inhibitors (e.g., pertussis toxin and gallein). Therefore, T2R signaling may play an important role in regulating cardiac functions.
Reproduction and urination. T2Rs in the genitourinary system has been another area of attention. T2Rs and taste transduction cascade components (α-gustducin, Gγ13, and PLCCβ2) have been detected in different stages of spermatogenesis (with TRPM5 being observed only in the later spermatid phase; Li and Zhou, 2012) . Bitter chemicals induce a rise in [Ca 2+ ] i in spermatids, and individual spermatids exhibit different ligand activation profiles, indicating a unique T2R profile in each spermatid (Xu et al., 2013) . Moreover, depletion of T2R105 results in smaller testes and is sufficient to lead to male infertility (Li and Zhou, 2012) . These results suggest a crucial role for T2R receptors in spermatogenesis and a possible function in sensing and avoiding noxious chemicals that are present during fertilization.
In the female reproductive system, human T2R38 is expressed in the amniotic epithelium, syncytiotrophoblast, and decidua cells in human placenta, and in a placental cell line (JEG-3; Wölfle et al., 2016) . Although the T2R38 agonist diphenidol evokes calcium influx in the placental cell line, there is no further functional characterization of T2R38 in placenta (Wölfle et al., 2016) .
Seven T2Rs and α-gustducin are expressed in mouse whole kidney (Rajkumar et al., 2014; Liu et al., 2015) . Conditional ablation of T2R105-positive cells causes an increase in the size of the glomerulus and renal tubule, accompanied by a lower cell density in the glomerulus . These results suggest an essential role of T2R105 in maintaining the structure and consequent homeostasis in bodily fluids and electrolytes .
As mentioned previously, activation of T2Rs in urethral chemosensory cells initiates a reflex loop, leading to bladder contraction . In this context, it is interesting that Zhai et al. (2016) showed that human and mouse detrusor smooth muscle express T2Rs, and T2R agonists can directly relax precontracted detrusor muscle strips. In vivo study showed that oral gavage of the bitter compound chloroquine suppresses overactive bladder symptoms in mice that possess partial bladder outlet obstruction. Thus, T2Rs are potential targets for treating this disorder.
Therefore, T2Rs appear to have a versatile modulatory role in reproduction and urination; however, unlike in other systems, their roles remain largely to be determined.
Other roles. Many T2R transcripts have been detected in polymorphonuclear neutrophils. Knockdown of highly abundant T2R43 or T2R31 in these cells remarkably blocks the chemotactic trans-migration induced by saccharin (Malki et al., 2015) . Another study showed that human neutrophils express T2R38, and its binding with quorum-sensing molecules (N-(3-oxododecanoyl)-l-homoserinelactone or AHL-12) induces migration of neutrophils (Maurer et al., 2015) . Additionally, a recent investigation showed that phagocytes also express T2R38, which can be activated by AHL-12 (Gaida et al., 2016a) . These results suggest that bitter tastants function within the immune system by binding to foodborne substances that enter the bloodstream after ingestion, molecules produced by bacterial infections, or harmful endogenous metabolites.
Several investigations have demonstrated the existence of T2Rs in the different compartments of the central nervous system, such as the brain stem, brain cells, parabrachial nucleus, and horoid plexus (Singh et al., 2011; Dehkordi et al., 2012; Tomás et al., 2016) . Although some bitter chemicals have the capability to cross the brain-blood barrier, it remains to be determined whether their concentrations could reach the high micromolar level that is needed to activate many T2Rs. It would be interesting to find out whether, within the central nervous system, there are endogenous bitter-tasting compounds that can be highly effectively at activating T2Rs. If so, T2Rs in the central nervous system could serve as sensors for these ligands.
T2Rs have also been detected in several other tissues or organs. Several T2Rs have been detected in human skin biopsies and in the immortal keratinocyte cell line; bitter compounds (diphenidol and amarogentin) induce the expression of differentiation markers in human skin primary cells (Wölfle et al., 2015) . T2Rs and taste transduction pathway components are expressed in the ChAT-eGFP + brush cells in the murine auditory tube, submucosal glands of the larynx and trachea, and the thymic medulla, and they may function as sensors for the composition of the local microenvironment, as has been demonstrated for SCCs and brush cells in the airway (Krasteva et al., 2012b; Panneck et al., 2014; Krasteva-Christ et al., 2015) . However, direct experiments are needed to confirm this.
Potential roles of extraoral T2Rs in disease
Several studies have begun to reveal that T2R mutants can cause or contribute to diseases in the extraoral tissues, highlighting the important roles that these receptors play under pathophysiological conditions. T2R genes do not contain introns in their protein-coding regions, and their expression levels are usually low under normal conditions. These characteristics may lead to changes in their expression level under different pathological conditions. In this section, we summarize both T2R mutations and/or changes in T2R expression level that occur in various diseases and disorders. The major T2Rs and their associated disorders and diseases are listed in Table 1. T2R polymorphisms. T2R polymorphisms dictate taste preference and extraoral T2R-mediated pathophysiology. Several excellent studies and reviews have summarized changes in bitter taste caused by T2R genetic variants and polymorphisms (Kim et al., 2003; Bufe et al., 2005; Li et al., 2011; Campa et al., 2012; Keller et al., 2013; Risso et al., 2014) . In this section, we focus on the alteration in extraoral function attributed to T2R polymorphisms. Of all T2R family members, T2R38 polymorphism is the most extensively investigated one. The T2R38 protein has two common variants that differ in the amino acid residues at positions 49, 262, and 296. The functional variant contains proline, alanine, and valine, respectively, in these positions, so the genotype is designated as PAV, whereas the nonfunctional form contains alanine, valine, and isoleucine to give rise to the AVI genotype. Therefore, the combination of these two variants generates three common genotypes, i.e., two homozygotes, PAV/PAV and AVI/AVI, and one heterozygote, PAV/AVI. Most of the work on the relationship between T2R38 polymorphisms and respiratory disease has been published by Cohen and his colleagues. These authors showed that the functional T2R38 PAV/PAV phenotype has a much lower infection rate from gram-negative bacteria than the other two genotypes (Lee and Cohen, 2013) . The same group further showed that nonfunctional T2R38 genotypes (AVI/AVI and AVI/PAV) are present in >90% of the chronic rhinosinusitis population undergoing functional endoscopic sinus surgery (Adappa et al., 2014) . They also found that homozygous ΔF508 cystic fibrosis patients with nonfunctional alleles exhibit more severe sinonasal symptoms (Adappa et al., 2016b) . Finally, they determined that individuals with T2R38 functional homozygotes have more than a threefold improvement in surgical outcomes when compared with chronic rhinosinusitis patients possessing nonfunctional homozygotes or heterozygotes (Adappa et al., 2016a) . Most recently, they found that among 59 chronic rhinosinusitis patients, an inverse linear association exists between in vitro biofilm formation and phenylthiocarbamide taste intensity ratings (P = 0.019; Adappa et al., 2016c) . All of these results indicate that the T2R38 genotype is correlated with susceptibility, severity, and prognosis in upper respiratory disorders. However, a recent study on an Italian population showed that there is no association between T2R38 alleles and chronic rhinosinusitis (Gallo et al., 2016) . To firmly establish the role of T2R38 in chronic rhinosinusitis pathogenesis, studies with larger cohorts may be needed.
T2R38 polymorphism also relates to other diseases, such as cancer and cavities. Carrai et al. (2011) demonstrated that the nonfunctional group has an increased risk of colorectal cancer in comparison to the functional group in a population of Caucasian origin. In their study of the effect of T2R38 polymorphism on oral innate immunity, Gil et al. (2015) found a complicated set of responses when teeth were exposed to different pathogenic bacteria. In response to the cariogenic bac-teria Streptococcus mutans, the transcription level of T2R38 in gingival epithelial cells was increased 4.3-fold in individuals with the PAV/PAV genotype, in contrast to a 1.2-fold increase in AVI/AVI individuals. IL-1α secretion in the PAV/PAV genotype was highest among all three genotypes, whereas the secretion of hBD-2 (antimicrobial peptide) and IL-1α in this genotype was decreased by 77% and 50%, respectively, after application of T2R38-specific small interfering RNA. When stimulated with the periodonatal pathogen Porphyromonas gingivalis, only the AVI/AVI T2R38 transcription levels increased by 4.4-fold. In addition, the levels of IL-1α and IL-8 were remarkably decreased when T2R38 was silenced (Gil et al., 2015) . All these data suggest a genotype-dependent role of T2R38 in gingival innate immunity and a T2R38-associated risk of dental caries (Wendell et al., 2010) that may be more important than dietary habits.
Several other T2R polymorphisms are also correlated with various disorders as revealed by association studies. Dotson et al. (2008) found that the T2R19 haplotype is associated with altered glucose and insulin homeostasis. In a study involving 4,522 individuals aged 65 or above, Shiffman et al. (2008) reported that several Lee et al., 2012; Lee and Cohen, 2013; Adappa et al., 2014 Adappa et al., , 2016a Human colorectal cancer T2R38 nonfunctional group has an increased risk of colorectal cancer in a population of Caucasian origin Carrai et al., 2011 Human gingiva T2R38 genotype is associated with gingival innate immunity and the risk of dental caries Wendell et al., 2010; Gil et al., 2015 Mouse glomerulus and renal tubule Ablation of T2R105-positive cells causes an increase in the size of the glomerulus and renal tubule and a lower cell density in the glomerulus Liu et al., 2015 T2R126, T2R135, and T2R143 Mouse heart Starvation increases the expression of these T2Rs by two-to threefold Foster et al., 2013 human T2R50 single-nucleotide polymorphisms (SNPs; ID rs1376251) have strong associations with cardiovascular disease. Given that T2R50 is expressed in the heart (Foster et al., 2013) , these SNPs may play a direct role in causing cardiovascular disease, rather than being involved in this disease indirectly via changes in food preference and diet, as proposed by Shiffman et al. (2008) . Interestingly, another study indicated that the same SNPs of T2R50 could be useful in predicting statin-induced cardiovascular risk reduction in elderly women, but not in men (Akao et al., 2012) ; however, this sex difference disappeared when corrected for multiple comparisons (Akao et al., 2012) . Thyroid-expressed T2R42 SNP (SNP type L196F) is associated with differences in circulating levels of thyroid hormones (Clark et al., 2015) . Polymorphism of the position 212 bp upstream of human T2R16 is significantly associated with longevity-the frequency of A/A homozygotes is increased in older people. This site is most likely located in the promoter region for T2R16, suggesting a critical regulation role (Campa et al., 2012) . Along with the important extraoral T2R functions, more T2R polymorphisms and their association with human health are expected to be discovered.
T2Rs in disorders and diseases. As airway smooth muscles express T2Rs and bitter compounds can profoundly relax constriction and decrease airway resistance in animal models of asthma, two questions immediately emerge: are T2R expression levels changed in asthmatic patients and are T2Rs desensitized in asthmatics, as are other GPCRs? Robinett et al. (2014) demonstrated that the mRNA expression levels of T2R10, 14, and 31 are not different between asthmatics and nonasthma controls, and T2R agonists relax airways from healthy and asthmatic specimens equally. As to the T2R desensitization, the same group found that pretreatment of human airway smooth muscle cells with a prototypical T2R agonist, quinine, results in ∼30% desensitization in both [Ca 2+ ] i response and airway relaxation (Robinett et al., 2011) . However, there is no cross-desensitization between T2R and β2 adrenergic receptor-mediated relaxation , indicating that both therapies could be combined to treat asthma. In addition, several T2Rs are up-regulated in leukocytes in severe asthma patients, and T2R agonists can inhibit the release of proinflammatory cytokines and eicosanoid release from blood leukocytes (Orsmark-Pietras et al., 2013) . These findings suggest that T2R agonists may directly act on immune cells to perform their antiinflammatory role. All these findings underscore the potential of T2Rs as attractive targets for asthma management.
Although the pathophysiological roles of T2Rs have traditionally focused on the respiratory tract, their roles in other systems have begun to emerge. Low-fat diet or sterol depletion culture leads to an increase in the ex-pression of most T2Rs in the mouse proximal intestine or the STC-1 cell line (a type of gut ECC), which may in turn stimulate the secretion of GLP-1 and CCK (Jeon et al., 2008) . In human colonic mucosa, the number of T2R38 immunoreactive cells is significantly increased in overweight and obese subjects versus lean subjects and is also significantly correlated with body mass index values (Latorre et al., 2016) . In the heart, the expression of T2R126, T2R135, and T2R143 is increased two-to threefold under starvation conditions both in vitro and in vivo (Foster et al., 2013) . Subcutaneous administration of nitroglycerin (a myocardial antiischemic chemical) dramatically increases the T2R119 expression in heart and aorta (Csont et al., 2015) . In the brains of Parkinson's disease patients, T2R5 and T2R50 are decreased, whereas T2R10 and T2R13 are augmented at both premotor and parkinsonian stages in the frontal cortex area (Garcia-Esparcia et al., 2013) . Interestingly, T2R4, T2R5, T2R14, and T2R50 are down-regulated in the dorsolateral prefrontal cortex of schizophrenia patients (Ansoleaga et al., 2015) . As the heart is not directly exposed to the external environment and the brain is further isolated by the blood-brain barrier, the changes in T2Rs in these systems raise the possibility that endogenous ligands for T2Rs exist throughout the human body.
T2R expression has also been detected in tumor or cancer cells. Singh et al. (2014) found that the expression of T2R4 is down-regulated in breast cancer cells compared with noncancerous mammary epithelial cells, suggesting a mechanism by which the breast cancer cells may escape from apoptosis, which would otherwise be induced by bitter compounds. In a study of pancreatic cancer, Gaida et al. (2016a) found that T2R38 is expressed in both tumor cells from pancreatic cancer patients and tumor-derived cell lines. Moreover, the T2R38-specific ligand phenylthiourea or natural ligand AHL-12 activate mitogen-activated protein kinases p38 and ERK1/2 and up-regulate NFATc1 in a G protein-dependent manner. Intriguingly, although there is no correlation between the frequency of T2R38-positive tumor cells and clinical and pathological parameters, the T2R38 ligands increase the expression of efflux transporter ABCB1, suggesting the possible engagement of T2R38 in the chemoresistance of pancreatic cancer (Gaida et al., 2016b) .
Future perspectives
Recent advances have discovered the widespread extent of extraoral T2Rs unearthed the important roles these receptors play in a variety of cellular functions, and have shown that their pathologies may potentially contribute to several disease conditions. At the same time, studies have raised many important questions about these receptors and have uncovered several challenges that need to be overcome to further deepen our understanding of extraoral T2R biology.
Profiling T2R expression. Owing to the lack of well-documented antibodies for T2Rs (in particular for mouse T2Rs), the expression profiling of T2Rs in the extraoral tissues has been largely generated using in situ hybridization with antisense probes to T2Rs (Foster et al., 2013; Prandi et al., 2013) or quantitative real-time PCR or reverse transcript PCR with a template (but without transcriptase as a control to confirm no genome DNA contamination; Shah et al., 2009; Deshpande et al., 2010; Foster et al., 2013; Xu et al., 2013; Zhang et al., 2013; Deckmann et al., 2014) . As to the first method, not every laboratory can satisfy its technical requirements. With regard to the latter two, the ways to eliminate genome DNA involve purification of mRNA with poly(T)-tag (Raz et al., 2011) , digestion by DNase (Raz et al., 2011) , or filtering by a genome-specific binding column. Most studies use DNA digestion or a DNA-binding column, even though the current commonly used DNases or filters cannot completely remove genome contamination. This shortcoming could result in trace contamination with genome DNA in the samples; additionally, it casts doubts on the T2R expression profile because T2R genes are intronless (Cui et al., 2007) and the expression level of T2Rs in extraoral tissues is very low, therefore requiring a large number of PCR cycles for quantification (Clark et al., 2012) . Interestingly, the DNase for eliminating genome DNA in RNA sequencing can yield higher-quality RNA preparations. Utilization of this DNase for T2R expression could generate more reliable results. However, generating specific antibodies against T2Rs to visualize these receptors in cells and tissues could provide a more accurate estimate of T2R expression levels and their cellular location. This in turn could provide insight into the potential roles of T2Rs in different cells and tissues.
De-orphaning nonhuman T2Rs. Although most human T2Rs are de-orphaned, the majority of T2Rs in other species are orphan receptors (Meyerhof et al., 2010; Ji et al., 2014) . Identification of agonists and antagonists for T2Rs would facilitate the study of the physiological roles of T2Rs. One method to determine ligands of T2Rs is to isolate cells that express known T2R(s) and their signaling components and stimulate them with different bitter compounds. Gulbransen et al. (2008) was the first to use this approach to demonstrate that the bitter compound denatonium could activate T2R108 in the SCCs; this was determined by examining the Ca 2+ response in either Trmp5-GFP + or gustducin-GFP + isolated nasal SCCs (Chandrashekar et al., 2000; Finger et al., 2003) . This approach is applicable to cells that express only one or a few T2Rs, and it would be less useful for cell types that express multiple T2Rs. A more general approach to de-orphaning T2Rs is to engineer a T2R signaling system in heterologous expression cells, often HEK293 cells. For human T2R ex-pression, T2Rs fused with cell membrane-targeting peptides coexpress with a chimeric Gα16-gust44 and, in some cases, transport protein 3 (RTP3) or RTP4 to enhance the transport of T2Rs to the cell membrane (Ueda et al., 2003; Behrens et al., 2006; Deshpande et al., 2010; Ji et al., 2014) . Ilegems et al. (2010) also demonstrated that receptor expression enhanced protein 2 boosts the responsiveness of human T2R16 and T2R44 to their ligands. It would be interesting to determine whether a similar expression strategy would work for T2Rs from other species.
Receptor antagonists can help dissect receptor function. To date, a handful of T2R antagonists from different sources (primarily from plants) have been found. Similar to T2R agonists (Meyerhof et al., 2010; Levit et al., 2014) , T2R antagonists may interact with one T2R or multiple T2Rs. Likewise, a single T2R might be inactivated by more than one antagonist. Probenecid, an Food and Drug Administration-approved inhibitor of the multidrug resistance protein 1 transporter and used to treat gout in clinics, inhibits human T2R16, T2R38, and T2R43, but not T2R31 (Greene et al., 2011) and has been successfully applied to probe T2R's physiological roles (Pydi et al., 2015) . GIV3727, an inhibitor of the human sweet taste receptor, inhibits T2R31 and T2R43 (Slack et al., 2010) . Sakuranetin, 6-methoxysakuranetin, and jaceosidin, isolated from the leaves of the native North American plant Eriodictyon californicum, are T2R31 antagonists. Derived from edible plants, 3β-hydroxypelenolide or 3β-hydroxydihydrocostunolide can inhibit several T2Rs with different sensitivity (Brockhoff et al., 2011) . Pydi et al. (2014 Pydi et al. ( , 2015 identified two amino acid derivatives, γ-aminobutryic acid and Nα, Nα-Bis(carboxymethyl)-l-lysine, and a plant hormone abscisic acid as competitive inhibitors of quinine-activated T2R4. Recently, three flavones (i.e., 4′-fluoro-6-methoxyflavanone, 6,3′-dimethoxyflavanone, and 6-methoxyflavanone) have been demonstrated to inhibit T2R39, and 6-methoxyflavanone also inhibits T2R14 (Roland et al., 2014) . These antagonists should be useful to probe the physiological roles of human T2Rs expressed in different extraoral cells and tissues. But the number of known antagonists and the number of T2Rs they act on are very limited; further exploration is needed.
Analyzing extraoral T2R functions genetically. Besides the expression profiling of T2Rs, the roles of T2Rs in extraoral tissues in humans have been studied by using T2R agonists and antagonists and the inhibitors of T2R signaling components. These approaches have been applied to mice, although occasionally genetic deletion of T2R signaling components such as α-gustducin (Janssen et al., 2011; Lee et al., 2014a; Avau et al., 2015) and TRMP5 (Lee et al., 2014a; Saunders et al., 2014) have been used. To dissect the roles of T2Rs, a desirable ap-proach is to genetically ablate these receptors. So far, only T2R105 (Li and Zhou, 2012; Rajkumar et al., 2014) and T2R131 (Voigt et al., 2012 Prandi et al., 2013; Soultanova et al., 2015) have been studied genetically to some extent. A potential challenge when probing T2R function with genetic approaches is that T2Rs may be redundant (as many T2R agonists activate multiple T2R receptors); therefore, deletion of a single T2R may have little effect. However, the fact that a cell type or tissue may express only a small subset of T2Rs, e.g., five in rodent heart (Foster et al., 2013) , offers opportunities to knock out the entire subset of T2Rs using newly developed, highly efficient genomic editing methods such as CRI SPR/Cas9 technology. Most T2Rs locate in genomes in just a few clusters, making it easier to knock out all the T2Rs in mice or other species with this technology after a few cycles of cross-breeding (Wang et al., 2013; Foster et al., 2014b) . It is expected that these T2R transgenic knockout mice will greatly facilitate our understanding of the physiological roles of T2Rs in the extraoral systems.
Identifying physiological ligands for T2Rs. Canonically, T2Rs are known to detect bitter tastants in the diet. With recent advances in understanding the role of oral microbiota (Avila et al., 2009; Dewhirst et al., 2010) , it is reasonable to speculate that T2Rs may also sense symbiotic microorganisms and their derivatives in the oral cavity. The same idea could be also applied to the T2Rs in the organs, which directly contact external environments. In other words, T2Rs in gastroenterological and respiratory systems could function as sensors of bitter tastants that are injected or inhaled, and also of microorganisms and their derivatives. However, because the threshold for T2R activation is high, generally in the micromolar range, it is not clear what would be the primary or physiological ligands for T2Rs in the systems that do not directly interact with the external environment. One possibility is that certain bitter-tasting endogenous bioactive compounds that circulate in the bloodstream may serve as physiological ligands for T2Rs in the extraoral cells and tissues. Interestingly, using a heterologous expression system, Lossow et al. (2016) recently reported that progesterone can activate mouse T2R110 and T2R114, raising the possibility that this reproductively important hormone may be one of the endogenous ligands for T2Rs. The method by which Yoshikawa et al. (2013) identified a physiological ligand for olfactory receptor 288 using fractionation of crude tissue extracts may be instructive for searching for T2Rs' endogenous ligands.
Studying T2R transcription regulation. So far, only one regulator, sterol regulatory element-binding protein (SRE BP-2), has been demonstrated to target the transcription machinery of T2Rs. SRE BP-2 activates the transcription of T2R138 by directly binding to the promoter region in STC-1 cells (Jeon et al., 2008) . Studying T2R regulators would facilitate identifying T2R physiological functions, especially when T2R knockout mice are lacking. T2Rs locate in chromosomes as clusters, suggesting that common gene regulatory mechanisms may exist to control the T2R loci. For example, after analyzing regions near T2R loci in silico, Foster et al. (2013 Foster et al. ( , 2014a Foster et al. ( , 2015 detected cis-regulatory domains, which are overlaps of histone marks and DNase-I hypersensitivity regions and indicative of active enhancer and promoter regions, in the mouse T2R143/135/126 cluster as well as in the regions proximal to human T2R5 and T2R14 loci. Besides such local control regions, long-range cis-regulatory elements in chromatin may also exist to regulate T2R transcription; these elements, despite a large separation along the DNA, can interact with each other to work in a regulatory capacity because of their proximity in 3-D (Harmston and Lenhard, 2013; Heinz et al., 2015) . A detailed analysis of the transcript regulatory elements of T2Rs would be informative to enhance our understanding of T2Rs' roles.
Conclusion
Cumulative evidence indicates that T2Rs mediate a variety of functions in nonlingual tissues and may underlie several human diseases or disorders. Targeting of T2Rs in extraoral tissues is showing promise for the development of new therapeutics. The wide expression of extraoral T2Rs underscores the possibility that they might be accountable for the many side effects of current medicines because most drugs have a bitter taste (Clark et al., 2012) . However, all this reinforces the necessity to fully characterize T2R physiology and pathophysiology at different extraoral locations. With this knowledge, we may one day understand the true biological basis through which bitter drugs can act as "good medicine." 
